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Health Benefits of Reducing Particulate Air Pollution from Heavy Duty Vehicles
Abstract:

The U.S. Environmental Protection Agency (U.S.EPA) recently promulgated regulations
to reduce air pollution from heavy-duty vehicles. This article reports the estimated health
benefits of reductions in ambient particulate matter (PM) concentrations associated with those
regulations based on the best available methods of benefits analysis. The results suggest that
when heavy-duty vehicle emission reductions from the regulation are fully realized in 2030, they
will result in substantial, broad scale reductions in ambient particulate matter. This will reduce
the incidence of premature mortality by 8,300, chronic bronchitis by 5,500, and respiratory and
cardiovascular hospital admissions by 7,500. In addition, over 175,000 asthma attacks and
millions of respiratory symptoms will be avoided in 2030. The economic value of these health

benefits is estimated at over $65 billion.
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INTRODUCTION

Kunzli et al. (2000) recently estimated the health effects and costs of traffic-related air
pollution in Austria, France, and Switzerland. The authors estimated that around 22,000 deaths
(out of a total of 40,000 estimated air pollution related deaths) were due to traffic-related air
pollution. While their analysis focused on attributing health effects to total traffic-related air
pollution, they did not examine the health effects of specific air pollution controls on vehicles.
The U.S. Environmental Protection Agency (EPA) recently issued a rule to reduce emissions of
diesel particles, non-methane hydrocarbons (NMHC), nitrogen oxides (NOx), sulfur dioxide
(SO,), carbon monoxide (CO), and air toxics from heavy-duty vehicles. To support this rule, we
estimated the human health and welfare benefits associated with these emission reductions. Due
to the complexity of the overall multi-pollutant analysis, this article focuses on reporting the
health benefits of reductions in ambient particulate matter (PM) concentrations. However, health
improvements also come from reductions in ozone, CO, and air toxics. The full analysis,
including PM and ozone-related health benefits as well as non-health related benefits such as
improved visibility, is available in the Regulatory Impact Analysis for the Heavy-duty Engine
and Vehicle Standards and Highway Diesel Fud Sulfur Control Requirements, which is available

along with other supporting documentation at http://www.epa.gov/otag/diesel.htm. (U.S.

Environmental Protection Agency, 2000a)

The reductions in emissions of NOx, SO,, and PM from heavy-duty vehicles in the
United States are expected to result in wide-spread reductions in ambient concentrations of fine
particulate matter (PM, ;). These improvements in air quality are expected to result in substantial

health benefits, based on the body of epidemiological evidence linking PM with health effects
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such as premature mortality, chronic lung disease, hospital admissions, and acute respiratory
symptoms.. Based on modeled changes in ambient concentrations of PM, . and PM,,, we
estimate changes in the incidence of each health effect using concentration-response (C-R)
functions derived from the epidemiological literature with appropriate baseline populations and
incidence rates. We then apply estimates of the dollar value of each health effect to obtain a
monetary estimate of the total PM-related health benefits of the rule. Additional details on the
analysis are available in the technical support document for the benefits analysis, available on the

internet at http://www.epa.gov/ttn/ecas/regdata/tsdhddv8.pdf. (Abt Associates. 2000).

OVERVIEW OF ANALYTICAL METHODS

This section summarizes the four steps involved in our analysis: 1) Project the impact that
the regulation will have on nationwide emissions of NOx, NMHC, SO,, and PM in 2030; 2)
Model air quality in 2030 to determine the changes in ambient concentrations of PM that will
result from the changes in emissions of precursor pollutants; 3) Estimate the changes in human
health effects that result from the changes in ambient concentrations of PM; and 4) Compute the
economic value of changes in human health effects.

Time and resource constraints prevented us from performing extensive new research to
measure either the health outcomes or their values for this analysis. Thus, similar to Kunzli et al
(2000), our estimates are based on the best available methods of benefits transfer. Benefits
transfer is the science and art of adapting primary research from similar contexts to obtain the
most accurate measure of benefits for the environmental quality change under analysis.

There are significant categories of benefits that can not be monetized (or in many cases
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even quantified), and thus are not included in our accounting of health benefits. These
unquantified effects include infant mortality, low birth weight, changes in pulmonary function,
chronic respiratory diseases other than chronic bronchitis, morphological changes, altered host
defense mechanisms, non-fatal cancers, and non-asthma respiratory emergency room visits. A
complete discussion of PM related health effects can be found in the PM Criteria Document (US
Environmental Protection Agency, 1996). Since many health effects overlap, such as minor
restricted activity days and asthma symptoms, we made assumptions intended to reduce the
chances of “double-counting he alth benefits. These assumptions may have lead to an

underestimate of the total health benefits of the pollution controls.

Emissions and Air Quality Models

Prior to modeling changes in particulate matter, it was necessary to first develop a
national emission inventory. A 1996 base year (a past year where data can be collected and
models can be evaluated against observed data) emission inventory was prepared based on
Federal Highway estimates of vehicle operation and activity, the estimated distribution of fuel
type and weight class of vehicles, and adjusted MOBILESb and PARTS emission factors.
MOBILES isacomputer program that estimates year-by-year hydrocarbon (HC), carbon
monoxide (CO), and oxides of nitrogen (NOx) emission factors for gasoline-fueled and diesel
highway motor vehicles. Various modifications were applied to MOBILESb and PARTS
emissions factors, including vehicle type and control combination adjustments, air conditioning
usage factors, and emission factor updates to heavy-duty diesd vehicles. Information on the U.S.

EPA’s highway vehicle emissions models can be found on the internet at
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http://www.epa.gov/otag/model s.htm.

The 2030 base case (a future year projection of conditions without the policy) inventory
was then prepared by applying area and vehicle-type specific growth and control assumptions to
the 1996 base year inventory. The 2030 control case (a future year projection of conditions with
the policy in place) was then modeled by applying reduction percentages to the 2030 base case
emissions from heavy-duty gasoline vehicles and heavy-duty diesel vehicles as well as additional
SO, reductions from non-road diesel vehicles. Details of the final comprehensive emission
inventories used for the PM air quality modeling and their development are provided in a
separate report (U.S. Environmental Protection Agency, 2000b)

We used a national-scale version of the Regulatory Modeling System for Aerosols and
Deposition (REMSAD) to estimate PM air quality in the contiguous United States. REMSAD
was appropriate for evaluating the impacts of the Heavy-duty Engine and Diesel Fuel rule on
U.S. PM concentrations, because it accounts for spatial and temporal variations as well as
differences in the reactivity of emissions. The annual county level emission inventory data was
speciated, temporally allocated and gridded to the REMSAD modeling domain to simulate PM
concentrations for the 1996 base year and 2030 base and control scenarios. Peer-reviewed for the
EPA, REMSAD is a three-dimensional grid-based Eulerian air quality model designed to
estimate annual particulate concentrations and deposition over large spatial scales, based on
inputs of emission inventories of PM precursors (Seigneur et al., 1999). Each of the future
scenarios was simulated using 1996 meteorological data to provide daily averages and annual
mean PM concentrations required for input to the concentration-response functions of the

benefits analysis. Details regarding the application of REMSAD for this analysis are provided in
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US EPA (2000c) The peer review recommended several updates to the nitrate, sulfate, and
organic aerosol formation processes in the model in order to bring these components up to the

current "state-of-the-science". EPA is currently completing these improvements to REMSAD.

Concentration-Response Functions

Benefits for this analysis are based on health effect incidence changes due to predicted air
quality improvements in the year 2030. Integral to the estimation of such benefits is a reasonable
estimate of future population projections. The underlying data used to create county-level 2030
population projections is based on 1990 county-level population statistics for all U.S. counties
collected by the U.S. Census, and future-year state and metropolitan area population estimates
provided by the Bureau of Economic Analysis (U.S. Department of Commerce, 1995). Growth
factors are calculated using the BEA data and are applied to the 1990 county-level populations.

Fundamental to the estimation of health benefits was our utilization of the PM
epidemiology literature. We rely upon C-R functions derived from published epidemiological
studies that relate health effects to ambient concentrations of PM, ; and PM,,. Most of the
reductions in ambient PM are in the fine fraction (PM, ; or less). However, only PM,, based C-R
functions are available for many health effects. The specific studies from which C-R functions
are drawn are listed in Table 1. While a broad range of serious health effects have been
associated with exposure to elevated PM levels, we include only a subset of health effects in this
benefit analysis due to limitations in available C-R functions and concerns about double-counting
of overlapping effects (U.S. Environmental Protection Agency, 1996).

To generate health outcomes, projected changes in ambient PM concentrations were input
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to the Criteria Air Pollutant Modeling System (CAPMS), a customized Gl S-based program.
CAPMS assigns pollutant concentrations to 8 kilometer square population grid cells for input
into concentration-response functions. CAPM S uses census block population data and changes
in pollutant concentrations to estimate changes in health outcomes for each grid cell. Details on
the application of CAPM S for this analyss are provided in aseparate report (Abt Associates.
2000).

The baseline incidences for health outcomes used in our analyses are selected and adapted
to match the specific populations studied. For example, we use age and county-specific baseline
total mortality rates in the estimation of PM-related premature mortality. County-level incidence
rates are not available for other endpoints. We used national incidence rates whenever possible,
because these data are most applicable to a national assessment of benefits. However, for some
studies, the only available incidence information comes from the studies themselves; in these
cases, incidence in the study population is assumed to represent typical incidence at the national
level. Sources of baseline incidence rates are reported in Table 1.

In this assessment we made analytical judgements affecting both the selection of C-R
functions and the application of those functions in estimating impacts on health outcomes. Some
of the more important of these are discussed below. Alternative assumptions about these
judgements may lead to substantially different results and they are explored using appropriate
sensitivity analyses in a later section.

As in the Kunzli et al. (2000) analysis, we focus on the prospective cohort long-term
exposure studies in deriving the C-R function for premature mortality. Cohort analyses are better

able to capture the full public health impact of exposure to air pollution over time (Kunzli, 2001).
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We selected a C-R function from the reanalysis of the American Cancer Society (ACS) study
conducted for the Health Effects Institute (Pope et al., 1995; Krewski et al; 2000) The selected
C-R function relates premature mortality and mean PM, ; levels rather than median levels as used
in the original ACS analysis. For policy analysis purposes, functions based on the mean air
quality levels may be preferable to functions based on the median air quality levels because
changes in the mean more accurately reflect the changes in peak values targeted by many policies
than do changes in the median.

We pooled the results of two chronic bronchitis studies by Schwartz (1993) and Abbey et
al. (1995) to obtain the primary estimate of avoided incidences of chronic bronchitis. Based on
the Abbey et al. study, we estimate the number of new chronic bronchitis cases that will
“reverse over time and subtract these reversals from the estimate of avoided chronic bronchitis
incidences. Reversals refer to those cases of chronic bronchitis that were reported at the start of
the Abbey et al. survey, but were subsequently not reported at the end of the survey. Since we
assume that chronic bronchitis is a permanent condition, we subtract these reversals. Given the
relatively high value assigned to chronic bronchitis, this ensures that we do not overstate the
economic value of this health effect.

Most emergency room (ER) visits do not result in an admission to the hospital. Therefore
we estimate both hospital admissions and ER visits and treat them separately, taking account of
the fraction of patients admitted to inpatient care (Lipfert, 1993; Smith, 1997) To avoid double-
counting, the baseline incidence rate for ER visits is adjusted by subtracting the percentage of
patients that are admitted into the hospital. The reported incidence rates suggest that ER visits

for asthma occur 2.7 times as frequently as hospital admissions for asthma (Smith, 1997) To
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avoid double-counting, however, only 63 percent of the resulting change in asthma ER visits
associated with a given change in pollutant concentrations is counted in the ER visit incidence
change.

The minor restricted activity days (MRAD) outcome is estimated using a C-R function
derived from Ostro and Rothschild (1989). MRADs are characterized by many of the same
symptoms as those which define an asthma attack. The study population in Ostro and Rothschild
did not exclude asthmatics, so we reduce the estimated number of avoided MRAD incidences by
the estimated number of avoided asthma attacks to prevent double-counting of asthma attacks.
This simple subtraction may result in an underestimate of non-asthma attack related MRADs,
since asthma attacks are estimated for asthmatics of all ages and MRADs are estimated only for
ages 18 to 65.

Based on a review of the recent literature on health effects of PM exposure (Daniels et al.,
2000; Pope, 2000; Rossi et al., 1999; Schwartz, 2000), we chose for the purposes of this analysis
to assume that PM-related health effects occur down to natural background (i.e. there is no health
effects threshold). We assume that all of the C-R functions are continuous and differentiable
down to background levels. However, we explore this important assumption in a sensitivity

analysis described in a later section.



Economic Values for Health Outcomes

Reductions in ambient concentrations of air pollution generally lower the risk of future
adverse health affects by a fairly small amount for a large population. The appropriate
economic measure is therefore willingness-to-pay for changes in risk prior to the regulation
(Freeman, 1993). For some health effects, such as hospital admissions, WTP estimates are
generally not available. In these cases, we use the cost of treating or mitigating the effect as a
primary estimate. These costs of illness (COI) estimates generally understate the true value of
reductions in risk of a health effect, reflecting the direct expenditures related to treatment but not
the value of avoided pain and suffering from the health effect (Harrrington and Portnoy, 1987;
Berger, 1987).

It is currently unknown whether there is a delay between changes in PM exposures and
changes in mortality rates. The existence of such a time lag is important for the valuation of
premature mortality incidences as economic theory suggests benefits occurring in the future
should be discounted relative to benefits occurring today. Although there is no specific scientific
evidence of a PM effects lag, current scientific literature on adverse health effects associated with
smoking and the difference in the effect size between chronic exposure studies and daily
mortality studies suggest that all incidences of premature mortality reduction associated with a
given incremental change in PM exposure would not occur in the same year as the exposure
reduction. This literature implies that lags of a few years are plausible. For our primary estimate,
we have assumed a five-year distributed lag structure, with 25 percent of premature deaths
occurring in the first year, another 25 percent in the second year, and 16.7 percent in each of the

remaining three years. To account for the preferences of individuals for current risk reductions

-10-



relative to future risk reductions, we discount the value of avoided premature mortalities
occurring beyond 2030 using a three percent discount rate.

Our analysis accounts for expected growth in real income over time. Economic theory
argues that WTP for most goods (such as environmental protection) will increase if real incomes
increase. The economics literature suggests that the severity of a health effect is a primary
determinant of the strength of the relationship between changes in real income and WTP
(Alberini, 1997; Miller, 2000; Viscusi, 1993). As such, we use different factors to adjust the
WTP for minor health effects, severe and chronic health effects, and premature mortality.
Adjustment factors used to account for projected growth in real income from 1990 to 2030 are
1.10 for minor health effects, 1.34 for severe and chronic health effects, and 1.30 for premature
mortality. Details of the calculation of the income adjustment factors are provided in the full

report U.S. Environmental Protection Agency, 2000a).

Treatment of Uncertainty

In any complex analysis, there are likely to be many sources of uncertainty. This analysis
is no exception. Many inputs are used to derive the final estimate of economic benefits,
including emission inventories, air quality models (with their associated parameters and inputs),
epidemiological estimates of C-R functions, estimates of values, population estimates, income
estimates, and estimates of the future state of the world (i.e., regulations, technology, and human
behavior). Some of the key uncertainties in the benefits analysis are presented in Table 2. For
some parameters or inputs it may be possible to provide a statistical representation of the

underlying uncertainty distribution. For other parameters or inputs, the necessary information

-11-



necessary is not available.

In addition to uncertainty, the annual benefit estimates presented in this analysis are also
inherently variable due to the truly random processes that govern pollutant emissions and
ambient air quality in a given year. Factors such as vehicle miles traveled and weather display
constant variability regardless of our ability to accurately measure them. As such, the estimates
of annual benefits should be viewed as representative of the magnitude of benefits expected,
rather than the actual benefits that would occur every year.

We present a primary estimate of the benefits, based on the best available scientific
literature and methods, and then provide alternative calculations to illustrate the effects of
uncertainty about key analytical assumptions. We do not attempt to assign probabilities to these
alternative calculations, as we believe this would only compound the uncertainty of the analysis
or present a false picture about the precision of the results. Instead, the reader may examine the
impact of applying different assumptions on the estimate of total benefits. While it is possible to
combine all of the alternative calculations with a positive impact on benefits to form a “high
estimate or all of the alternative calculations with a negative impact on benefits to form a “low
estimate, this would not be appropriate because the probability of all of these alternative
assumptions occurring simultaneously is likely to be very low. Instead, the alternative
calculations are intended to demonstrate the sensitivity of our benefits results to key parameters
which may be uncertain.

Some recent benefit-cost analyses in Canada and Europe have estimated ranges of
benefits by assigning ad hoc probabilities to ranges of parameter values for different endpoints

(Holland, Forster, and Wenborn. 1999; Lang et al., 1995). Although this does generate a
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quantitative estimate of an uncertainty range, the estimated points on these distributions are
themselves highly uncertain and very sensitive to the subjective judgements of the analyst. To
avoid these subjective judgements, we choose to allow the reader to determine the weights they

would assign to alternative estimates.

MODEL RESULTS

Full implementation of the Heavy-duty Engine and Diesel Fuel regulations in 2030 is
projected to reduce heavy-duty vehicle emissions of NOx by 2.6 million tons (90 percent), SO,
by 140,000 tons (95 percent), and direct PM by 110,000 tons (75 percent). Based on these
projected emission changes, REMSAD modeling results indicate the pollution controls generate
greater absolute air quality improvements in more populated, urban areas. The rule will reduce
average annual mean concentrations of PM, . across the U.S. by roughly 3.1 percent, or 0.27
ng/m’. The population-weighted average annual mean concentration is projected to decline by
4.4 percent, or 0.65 nug/m’, which is much larger in absolute terms than the spatial average.

Table 3 presents information on the distribution of modeled reductions in ambient PM
concentrations across populations in the U.S. Significant populations live in areas with
meaningful reductions in annual mean PM, ; concentrations resulting from the pollution controls.
As shown, slightly over 60 percent will live in areas with reductions of greater than 0.5 pg/m’.
This information indicates how widespread the improvements in PM air quality are expected to
be.

Applying the C-R functions described in Table 1 to the estimated changes in PM, 5 and

PM,, yields estimates of the number of avoided incidences for each health outcome. These
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estimates are presented in Table 4. We also provide quantified estimates of the 90 percent
confidence intervals around these estimates based solely on the standard errors of the C-R
coefficients. These intervals do not account for any uncertainties in the change in air quality,
population projections, baseline incidence rates, or model uncertainties. Estimates in Table 1 are
for the year 2030. Similar health benefits are expected in the years following 2030, although they
will be altered somewhat by changes in population and vehicle use.

To provide estimates of the monetized benefits of the reductions in PM-related health
outcomes described in Table 4, we multiply the point estimates of avoided incidences by unit
values. The estimated value per incidence for each health outcome and for total PM-related
health benefits are presented in Table 5. We also provide estimates of the 90 percent confidence
intervals around these estimates using Monte Carlo techniques to combine the distributions of the
health effect estimates and the valuation estimates. Again, these intervals do not account for any
uncertainties in other factors. We do not calculate a confidence interval for the total economic
value of all health outcomes, as this would imply a precision which is not warranted based on the
gaps in information about impact of unquantified sources of uncertainty.

The largest monetized health benefit is associated with reductions in the risk of premature
mortality, which accounts for over $60 billion, or over 90 percent of total monetized health
benefits. The next is for chronic bronchitis reductions, although this value is more than an order
of magnitude lower than for premature mortality. Minor restricted activity days and work loss
days account for the majority of the remaining benefits. While the other categories account for
less than $100 million each, they represent a large number of avoided incidences affecting many

individuals.
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SENSITIVITY ANALYSES

We explored a number of analytical judgements using sensitivity analyses. We report the
results of a subset of those analyses here, but the full set of analyses are available in the full
report (U.S. Environmental Protection Agency, 2000a).

Arguably, reduction in the risk of premature mortality is the most important PM-related
health outcome in terms of public health significance and contribution to dollar benefits. There
are four important analytical assumptions that may significantly impact the estimates of the
number of avoided premature mortalities and their value. These include selection of the C-R
function, structure of the lag between reduced exposure and reduced mortality risk, value of a
statistical life (and the influence of age at death), and effect thresholds. The first three of these
sensitivity analyses are presented in Table 6. The impact of assuming alternative effects
thresholds is explored in Table 7.

Choice of C-R function can have a large impact on benefits, potentially doubling the
effect estimate if the C-R function is derived from the HEI reanalysis of the Harvard Six-cities
data (Krewski et al., 2000). Due to discounting of delayed benefits, the lag structure may also
have a large impact on monetized benefits, reducing benefits by 30 percent if an extreme
assumption that no effects occur until after 15 years is applied. If no lag is assumed, benefits are
increased by around five percent. The threshold analysis indicates that approximately 90 percent
of the premature mortality related benefits are due to changes in PM, ; concentrations occurring
above 10 pg/m’, and around 80 percent are due to changes above 12 pg/m’, the lowest observed
mean level in the ACS study. Over 60 percent of avoided incidences are due to changes

occurring above 15 pg/m’. This suggests that while the possible existence of thresholds is still
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important, there would have to be a relatively high threshold to substantially affect the health
benefits of the regulation. One important assumption that we adopted for the threshold
sensitivity analysis is that no adjustments are made to the shape of the C-R function above the
assumed threshold. Instead, thresholds were applied by simply assuming that any changes in
ambient concentrations below the assumed threshold have no impacts on the incidence of
premature mortality. If there were actually a threshold, then the shape of the C-R function would
likely change and there would be no health benefits to reductions in PM below the threshold.

The economics literature concering the appropriate method for valuing reductions in
premature mortality risk is still developing. The U.S. EPA currently uses the value of statistical
life (VSL) approach in calculating the primary estimate of mortality benefits, because we believe
this calculation to provide the most reasonable single estimate of an individual’s willingness to
trade off money for reductions in mortality risk. The current VSL approach assigns the same
value for risk reductions to all individuals, regardless of age. However, there is general
agreement that the value to an individual of a reduction in mortality risk may be affected by the
age of the individual, as well as other factors (Cropper and Sussman, 1990; Moore and Viscusi,
1988; Shepard and Zeckhauser, 1982). Age may be especially important in valuing air-pollution
related mortality given the advanced age of many of those affected.

Several studies conducted by Jones-Lee, et al. found a significant effect of age on the
value of mortality risk reductions expressed by citizens in the United Kingdom (Jones-Lee et al.,
1985; Jones-Lee, 1989, Jones-Lee, 1993). We apply ratios based on two of the Jones-Lee, et al.
studies (Jones-Lee, 1989 and Jones-Lee, 1993) to the estimated premature mortalities within the

appropriate age groups to provide an alternative age-adjusted estimate of the value of avoided
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premature mortalities. Depending on the age-WTP structure assumed, use of age-specific WTP
to value avoided premature mortalities can reduce benefits by over 40 percent. One problem
with both of the Jones-Lee studies is that they examine VSL for a limited age range. They then
fit VSL as a function of age and extrapolate outside the range of the data to obtain ratios for the
very old. Unfortunately, because VSL is specified as quadratic in age, extrapolation beyond the
range of the data can lead to a very severe decline in VSL at ages beyond 75. Since many
(around 40 percent) of the avoided premature mortalities from PM are estimated to occur in the
75 and older population, this leads to a potential downward bias in the mortality benefits using

the age-specific VSL approach.

CONCLUSIONS

This analysis has estimated the health benefits of regulations on vehicles that lead to
reductions in ambient concentrations of particulate matter. The increasing need to understand the
public health impacts of air pollution regulations requires the merging of models and data from
many disciplines. While necessary, this type of multi-disciplinary methodology is challenging in
complexity and scope. Our approach illustrates the integration of models and data and highlights
uncertainties inherent in the end results. The result suggests there will be significant health
benefits arising from the regulation of emissions from heavy-duty vehicles in the U.S. This
supports the findings of Kunzli et al. (2000) that traffic-related air pollution is a significant
contributor to total air pollution related mortality and morbidity. While their analysis focused on
total attributable risk, we examined the impact of specific pollution controls on reductions in

risk. Our estimate that 8,300 premature mortalities would be avoided in 2030, when emission
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reductions from the regulation are fully realized, provides additional evidence of the important
role that traffic-related pollution plays in the public health impacts of air pollution.

We provide sensitivity analyses to examine key modeling assumptions. In addition, there
are other uncertainties that we could not quantify, such as the importance of unquantified effects
and uncertainties in the modeling of ambient air quality. Inherent in any analysis of future
regulatory programs are uncertainties in projecting atmospheric conditions, source-level
emissions, and vehicle miles traveled, as well as population, health baselines, incomes,
technology, and other factors. The assumptions used to capture these elements are reasonable
based on the available evidence. However, these data limitations prevent an overall quantitative
estimate of the uncertainty associated with estimates of total economic benefits. If one is
mindful of these limitations, the magnitude of the benefit estimates presented here can be useful
information in expanding the understanding of the public health impacts of reducing traffic-
related air pollution.

The U.S. EPA will continue to evaluate new methods and models and select those most
appropriate for the estimation the health benefits of reductions in air pollution. It is important to
continue improving benefits transfer methods in terms of transferring economic values and
transferring estimated C-R functions. Epidemiological studies should be designed with the
knowledge that they may be applied to different locations, populations, or time periods. The
development of both better models of current health outcomes and new models for additional
health effects such as asthma and high blood pressure will be essential to future improvements in
the accuracy and reliability of benefits analyses (Guo et al., 1999; Ibald-Mulli et al., 2001).

Enhanced collaboration between air quality modelers, epidemiologists, and economists should
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result in a more tightly integrated analytical framework for measuring health benefits of air

pollution policies.
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Table 1. PM-related Health Outcomes and Studies Included in the Primary Analysis

Health Outcome Pollutant | Applied Population Source of Effect Source of Baseline
Estimate Incidence
Premature Mortality
All-cause premature mortality | PM, > 29 years Krewski et al., 2000 U.S. Centers for Disease
from long-term exposure Control, 1999
Chronic Illness
Chronic Bronchitis (pooled PM,; > 26 years Abbey et al., 1995 Abbey et al., 1993
estimate)
PM,, > 29 years Schwartz et al., 1993 Abbey et al., 1993
Adams and Marano, 1995
Hospital Admissions
COPD PM,, > 64 years Samet et al., 2000 Graves and Gillum, 1997
Pneumonia PM,, > 64 years Samet et al., 2000 Graves and Gillum, 1997
Asthma PM, < 65 years Sheppard et al., 1999 Graves and Gillum, 1997
Total Cardiovascular PM,, > 64 years Samet et al., 2000 Graves and Gillum, 1997
Asthma-Related ER Visits PM,, All ages Schwartz et al., 1993 Smith et al., 1997
Graves and Gillum, 1997
Other Effects
Asthma Attacks PM,, Asthmatics, all ages Whittemore and Korn, Krupnick, 1988
1980 Adams and Marano, 1995
Acute Bronchitis PM, Children, 8-12 years Dockery et al., 1996 Adams and Marano, 1995
Upper Respiratory Symptoms | PM,, Asthmatic children, 9- | Pope etal., 1991 Pope et al., 1991
11
Lower Respiratory Symptoms | PM, ; Children, 7-14 years Schwartz et al., 1994 Schwartz et al., 1994
Work Loss Days PM, Adults, 18-65 years Ostro, 1987 Adams and Marano, 1995
Minor Restricted Activity PM, Adults, 18-65 years Ostro and Rothschild., Ostro and Rothschild,

Days (minus asthma attacks)

1989

1989
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Table 2. Sources of Uncertainty in the PM Health Benefit Analysis

Uncertainties Associated with Concentration-Response Functions

The value of the PM-coefficient in each C-R function.

Application of a single C-R function to pollutant changes and populations in all locations.

Similarity of future year C-R relationships to current C-R relationships.

Correct functional form of each C-R relationship.

Extrapolation of C-R relationships beyond the range of PM concentrations observed in the study.
Application of C-R relationships only to those subpopulations matching the original study population.

Uncertainties Associated with PM Concentrations

Responsiveness of the models to changes in precursor emissions resulting from the control policy.

Projections of future levels of precursor and direct emissions, especially ammonia and crustal materials.

Model chemistry for the formation of ambient nitrate concentrations.

Comparison of model predictions of particulate nitrate with observed rural monitored nitrate levels indicates that
REMSAD overpredicts nitrate in some parts of the Eastern US and underpredicts nitrate in parts of the Western US.

Uncertainties Associated with PM Mortality Risk

No demonstrated direct biological mechanism for observed epidemiological evidence.

Direct causal agents within the complex mixture of PM have not been identified.

The extent to which adverse health effects are associated with low level exposures that occur many times in the year
versus peak exposures.

The extent to which effects reported in the long-term exposure studies are associated with historically higher levels
PM rather than the levels occurring during the period of study.

Reliability of the limited ambient PM, ; monitoring data in reflecting actual PM, , exposures.

4.

Uncertainties Associated with Possible Lagged Effects

The portion of the long-term exposure mortality effects associated with changes in annual PM levels that would

occur in a single year is uncertain as is the portion that might occur in subsequent years.

5. Uncertainties Associated with Baseline Incidence Rates
- Some baseline incidence rates are not location-specific (e.g., those taken from studies) and may therefore not
accurately represent the actual location-specific rates.

- Current baseline incidence rates may not approximate well baseline incidence rates in 2030.

- Projected population and demographics may not represent well future-year population and demographics.

6. Uncertainties Associated with Economic Valuation

- Unit dollar values associated with health and welfare endpoints are only estimates of mean WTP and therefore have
uncertainty surrounding them.

- Mean WTP (in constant dollars) for each type of risk reduction may differ from current estimates due to differences

in income or other factors.

- Growth of income and the relationship between income and WTP are both uncertain. As such, the income
adjustment factors used to adjust WTP into the future are also uncertain.

7. Uncertainties Associated with Aggregation of Monetized Benefits

- Health and welfare benefits estimates are limited to the available C-R functions. Thus, unquantified or

unmonetized benefits are not included.
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Table 3. Distribution of PM, s Air Quality Improvements Across the 2030 U.S. Population Due to U.S. EPA
Heavy-duty Engine and Diesel Fuel Standards

2030 Population®

Reduction in Annual Mean PM, ; Concentrations Cumulative

(ug/m’)" Number (millions) Percent (%) Percent
0.00 < A PM,; Conc < 0.25 43.0 12.4% 100.0%
0.25<APM,; Conc <0.5 95.0 27.5% 87.5%
0.50 <A PM,; Conc <0.75 94.9 27.4% 60.0%
0.75 <A PM,; Conc < 1.0 60.5 17.5% 32.6%
1.00 <A PM,; Conc < 1.25 23.4 6.8% 15.1%
1.25 <A PM,; Conc < 1.5 20.9 6.0% 8.3%
1.50 <A PM,; Conc < 1.75 29 0.8% 2.3%
1.75 <A PM,; Conc 5.2 1.5% 1.5%

* The change is defined as the base case value minus the control case value.
" Based on projected total U.S. population of 345.8 million in 2030.
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Table 4. Estimated Impact of Heavy-duty Engine and Diesel Fuel Standards on Selected PM-related Health
Outcomes in 2030

Health Outcome Annual Avoided Avoided Incidence (cases/year)”
Incidences per Million
Population® for a 1 5% 0/ ile Mean 95t o/ ile
pg/m’ Decrease in PM

Premature Mortality
All-cause premature mortality 37 4,829 8,292 11,698
from long-term exposure
Chronic Illness
Chronic Bronchitis 24 1,884 5,478 9,464
(pooled estimate)
Hospital Admissions
COPD 4 164 900 1,607
Pneumonia 5 610 1,106 1,601
Asthma 4 385 881 1,402
Total Cardiovascular 12 2,252 2,667 3,067
Asthma-Related ER Visits 9 864 2064 3213
Other Effects
Asthma Attacks 774 60,984 175,931 291,914
Acute Bronchitis 80 -88 17,590 35,900
Upper Respiratory Symptoms 880 65,290 193,402 325,371
Lower Respiratory Symptoms 888 88,308 192,899 295,784
Work Loss Days 6,803 1,337,267 1,539,396 1,733,280
Minor Restricted Activity Days 10,767 6,806,718 7,990,406 9,104,836
(minus asthma attacks)

* Based on national average incidence rates. Avoided incidences are per million base population. Rates for susceptible populations would thus
be higher. For example, the rate of asthma attacks is around 13,800 per million asthmatics per microgram of PM.
" Based on projected total U.S. population of 345.8 million in 2030. Note that the 5™ and 95" percentile interval is based solely on the standard
error of the C-R function. The interval does not incorporate uncertainty about the change in air quality, population projections, or baseline

incidence rates, all of which may contain significant uncertainty.
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Table 5. Economic Value of Avoided PM-related Health Effects in 2030

PM-related Health Estimated Value Total Value® ,
Outcome Per Incidence (million 19998) Source of Value Estimate
(1999%)
Premature Mortality* $8 million per $62,580 Viscusi et al., 1992, IEc., 1993
statistical life ($8,450-$154,710)
Chronic Bronchitis* (CB) $444,000 $2,430 Viscusi et al., 1991, Krupnick and
($230-$7,960) Cropper, 1992, U.S. EPA, 1999

Hospital Admissions
Chronic Obstructive $12,378 $10 Elixhauser, 1993
Pulmonary Disease (COPD) ($0-$20)
Pneumonia $14,693 $20 Elixhauser, 1993

($10-$20)
Asthma admissions $6,634 $10 Elixhauser, 1993

(80-510)
All Cardiovascular $18,387 $50 Elixhauser, 1993

($40-%60)
Emergency room visits for $299 $0 Smith etal., 1997
asthma® ($0-%0)
Respiratory Ailments Not Requiring Hospitalization
Upper Respiratory $26 $10 Neumann et al., 1994
Symptoms® (URS) ($0-$10)
Lower Respiratory $16 $0 Neumann et al., 1994
Symptoms** (LRS) ($0-$10)
Acute Bronchitis*® $62 $0 Neumann et al., 1994

($0-$0)
Restricted Activity and Work Loss Days
Work Loss Days (WLDs) Variable $180 Regionally adjusted median weekly
($160-%200) wage for 1990 divided by 5 (adjusted to
1999%) US Bureau of the Census, 1992
Minor Restricted Activity $53 $430 Tolley etal., 1986
Days® (MRADs) ($260-$610)
P, sesese e — —  ———————————————————————

Total Economic Value of $65,720
Estimated Health Effects

* Value adjusted for growth in real income between 1990 and 2030. Details of the income adjustment procedure can be found in the full report
[2].

" Values rounded to the nearest $10 million. Values in paratheses represent the 90 percent credible interval around the central estimate. Note
that this interval is based on the standard error of the C-R function and the assumed distribution of the valuation estimate. The interval does not
incorporate uncertainty about the change in air quality, population projections, or baseline incidence rates, all of which may contain significant
uncertainty.

¢ Note that the total values for avoided asthma-related ER visits, lower respiratory symptoms and acute bronchitis are estimated to be less than $5
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million, so the rounded value is zero.
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Table 6. Sensitivity of Estimates to Alternative Assumptions Regarding Quantification and Valuation of

Mortality Benefits

Description of Sensitivity Analysis

Avoided Incidences

Impact on Total Benefits
Estimate
(billion 1999%)

Alternative Concentration-Response Functions for PM-related Premature Mortality

| Krewski/ACS Study Regional Adjustment 9,400 +$8.3 (+13%)
Model?

2 Pope/ACS Study® 9,900 +$12.1 (+18%)

3 Krewski/Harvard Six-city Study® 24,200 +$119.9 (+182%)

Alternative Lag Structures for PM-related Premature Mortality

None Incidences all occur in the first year 8,300 +$3.2 (+5%)

8-year Incidences all occur in the 8" year 8,300 -$9.1 (-15%)

15-year | Incidences all occur in the 15" year 8,300 -$19.1 (-31%)

Alternative M ethods for Valuing Reductions in Incidences of PM-related Prem

ature Mortality

Value of avoided premature mortality Jones-Lee 8,300 -$28.5 (-41%)
incidences based on age-specific (1989)
VSL.¢
Jones-Lee 8,300 -$6.8 (-10%)
(1993)

* This C-R function is included as a reasonable specification to explore the impact of adjustments for broad regional correlations, which have
been identified as important factors in correctly specifying the PM mortality C-R function..
*The Pope et al. C-R function was used to estimate reductions in premature mortality for several recent benefits analysis. Itis included here to
provide a comparable estimate for the HD Engine/Diesel Fuel rule.
¢ The Krewski et al. “Harvard Six-cities Study estimate is included because the Harvard Six-cities Study featured improved exposure estimates,
a slightly broader study population (adults aged 25 and older), and a follow-up period nearly twice as long as that of Pope, et al. and as such
provides a reasonable alternative to the primary estimate.
¢ Jones-Lee (1989) provides an estimate of age-adjusted VSL based on a finding that older people place a much lower value on mortality risk
reductions than middle-age people. Jones-Lee (1993) provides an estimate of age-adjusted VSL based on a finding that older people value

mortality risk reductions only somewhat less than middle-aged people.
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Table 7. Impact of Assumed Thresholds on Estimated Reductions in PM-related Premature Mortality

Assumed Threshold (pg/m?) Avoided Incidences Percent of No Threshold
Estimate
No Threshold 8,300 100.0%
5 8,100 97.6%
10 7,300 88.0%
15 5,100 61.4%
20 2,600 31.3%
25 1,300 15.7%

* No adjustments were made to the shape of the C-R function above the assumed threshold. Instead, thresholds were applied by simply assuming
that any changes in ambient concentrations below the assumed threshold have no impacts on the incidence of premature mortality.
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